Introduction
Attachment of virions to specific cell membrane receptors is the first step of viral infection. Several polyanionic substances are known to inhibit the replication of different DNA and RNA viruses by specifically interfering with viral adsorption to host cell membrane. 1 It has been demonstrated that two sulphated polysaccharides, dextran sulphate and heparin, are potent inhibitors of the replication of human immunodeficiency virus (HIV) type 1.
2,3 A number of other anionic carbohydrate polymers (i.e. carrageenans, mannan sulphate, curdlan sulphate, glycosaminoglycan and pentosan polysulphate) have recently been shown to inhibit the replication of a wide variety of enveloped viruses, including HIV, herpesviruses, poxviruses, togaviruses, arenaviruses, paramyxoviruses and rhabdoviruses. [4] [5] [6] [7] The mechanism of action of these compounds is uncertain, although most interfere with the binding of virus to cell membrane receptors. The presence of the drugs during HIV adsorption to host cells has been reported as necessary for effective inhibition, 8, 9 although a direct antiviral action of dextran sulphate has also been widely described. 10-12. It has been demonstrated that cellular membrane glycolipids are important as membrane receptors for rubella virus (RV). 13 Analysis of active glycolipids indicated that more than one carbohydrate residue, or a negatively charged group, is required in order to inhibit virus adsorption to cell membrane. 13 Furthermore, the reduction of negative electric charge of cell membrane by neuraminidase treatment produced a strong enhancement in the susceptibility of cells to RV infection. In the present study we analysed the effect of different negatively charged, as well as neutral, natural and semisynthetic carbohydrates on the multiplication of RV in cell cultures. The effects of polysaccharides with different carboh y d r a t e backbone, molecular configuration and electric charge on the early phases of RV infection were also evaluated.
Materials and methods

Cells
Vero cells were cultured at 37°C in Eagle's minimum essential medium (MEM) containing 1.2 g/L NaHCO 3 and supplemented with 6% (v/v) fetal bovine serum (FBS), 2 mM glutamine, 100 IU/mL penicillin and 100 mg/L streptomycin. For cell maintenance the serum concentration was lowered to 2% (v/v). The natural and semisynthetic carbohydrates scleroglucan, locust bean gum, tamarind gum (glyloid) and its three sulphate derivatives (GP4311, GP4327 and GP4324), glycogen and its two sulphate derivatives (GP4427 and GP4435), alginic acid and dextran sulphate, were investigated for their inhibitory effect on rubella virus (RV) infection of Vero cells. The neutral polymer scleroglucan and two highly negatively charged compounds, glyloid sulphate 4324 and dextran sulphate, had the highest inhibitory effect on RV antigen synthesis. The antiviral properties of active molecules appears to be dependent on the shape of the macromolecule and/or on the electric charge, while saccharide units play a minor role. The results indicated that polysaccharides blocked a step in virus replication subsequent to virus attachment, such as internalization and/or uncoating. Confirmation that the inhibitory activity of the compounds was directed at the early steps of RV multiplication, was that none of the polysaccharides had any effect on infection initiated by transfection of cells with RVRNA 
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Chemicals
The natural and semisynthetic polymeric carbohydrates used in this study were: scleroglucan (Sanofi, Bio-Industries, Paris, France); locust bean gum, dextran sulphate sodium salt (mol. wt 500,000), glycogen (Sigma Chemical Co., St Louis, MO, USA); sulphated glycogens differing in the content of sulphur, namely GP4427 (1.85% S) and GP4435 (3.34% S) prepared from purified glycogen by Angelini Research Institute, Pomezia, Roma, Italy; tamarind gum (glyloid) (Dainippon Pharmaceutical Co., Ltd, Osaka, Japan); sulphated tamarind gums (glyloid sulphate) differing in the content of sulphur, namely: GP4311 (0.41% S), GP4327 (2.2% S), GP4324 (7.1% S) prepared from purified glyloid by Angelini Research Institute; and alginic acid (Fluka, Buchs, Switzerland). All substances were dissolved immediately before use at the concentration of 1 mg/mL in serum-free culture medium heated to 80°C, in order to achieve complete solubilization.
Cytotoxicity assays
Cytotoxicity was evaluated by incubating two-fold serial dilutions of the polymers in maintenance medium for 1 h at 4°C with confluent Vero cell monolayers grown in 96-well plates (Falcon, Becton Dickinson, Meylan Ceolex, France). The incubation temperature was then increased to 37°C and cell morphology, viability and yield were examined after incubation for 48 h. Cell viability was assessed on the basis of vital dye exclusion test using Trypan Blue, and cell yield was determined by counting cells with an haemocytometer after trypsinization. To determine the selectivity indices of active compounds, cytotoxicity was evaluated at the maximal concentration at which these could be solubilized.
Immunofluorescence assay
Vero cells were grown in micro-tissue chamber slides at a concentration of 5. 2 10 4 cells/well for 24 h in 5% CO 2 at 37°C. Cell monolayers were infected with 0.5 log 10 dilutions of RV for 1 h at 4°C to allow attachment but not internalization of virions. After incubation for 48 h at 37°C, the percentage of infected cells was determined by an indirect immunofluorescence assay as previously described. 13 
Plaque assay
Serial ten-fold dilutions of RV were inoculated on to confluent Vero cell monolayers. After a 1 h adsorption period at 37°C, the inoculum was removed and cells were washed three times with PBS before being overlaid with MEM containing 0.4% (w/v) Agar (Oxoid, Basingstoke, UK). After incubation for 5 days at 37°C, plaques were stained with 0.1% (w/v) Crystal Violet solution.
Antiviral assay
For antiviral assays, substances were added to cell monolayers together with virus inoculum for 1 h at 4°C and then removed; the monolayers were then washed three times in PBS. Before increasing the incubation temperature to 37°C, fresh maintenance medium or medium containing polymers was added, in order to determine their effect on adsorption or on the entire cycle of RV multiplication (48 h, 37°C), respectively. Results, determined by indirect immunofluorescence assay, were expressed as the percentage of fluorescent cells in comparison with untreated control which yielded 100% RV antigen positive cells. Virus yield was evaluated by plaque assay.
Extraction of viral RNA
The RNA for transfection experiments was extracted from Vero cells 4 days post-infection with 0.1 pfu/cell of RV. After solubilization with proteinase K (Boehringer, Mannheim, Germany), total RNA was extracted with phenol and chloroform. 14 The extracted RNA was precipitated from the aqueous phase by the addition of sodium acetate to 100 mM and ethanol to 70%. RNA extracted from 10 7 cells was dissolved in 250 L of TE buffer (10 mM Tris-HCl, pH 8.0; 1 mM EDTA) and stored in small aliquots at 70°C.
Transfection of Vero cells
Confluent monolayers in 35 mm tissue culture dishes were transfected with an amount of viral RNA giving approximately 100-150 plaques/well. Extracted RNA (1.5-3 L) was added to 120 L of ice-cold Opti-MEM-I Reduced Serum Medium (Gibco BRL, Life Technologies Ltd, Paisley, UK) containing 4.7 g of Lipofectin Reagent (Gibco BRL), gently mixed and then maintained on ice for 10 min. The mixture was added to Vero cells washed twice with ice-cold Opti-MEM, and then incubated at room temperature on a rocking platform. Cell monolayers were washed twice with Opti-MEM after 1 h, overlaid with maintenance MEM containing polysaccharides, and then incubated for 48 h at 37°C. Medium was then collected to determine viral yield, and cell monolayers were overlaid with plaque assay medium and incubated for 5 days at 37°C. Plaques were stained with 0.1% Crystal Violet solution.
Results
Inhibition of rubella virus infection by polymeric saccharides
The antiviral activities of polymeric saccharides with different carbohydrate backbones and electric charges were studied. The homopolysaccharides studied were molecules with a glucose backbone, neutral molecules such as scleroglucan and glycogen, or negatively charged molecules such as dextran sulphate and glycogen sulphate derivatives. The heteropolysaccharides studied included alginic acid, a negatively charged linear polymer of mannosyluronic and gulosyluronic acid, and locust bean gum, a neutral galactomannan consisting of a main chain of Dmannose units with single-unit galactose side chains on approximately every fourth unit. Tamarind gum (glyloid) is a neutral glycan consisting of a main chain of glucose units with alternate side chains of xylose and xylosegalactose, whereas its sulphate derivatives, with a different sulphur content, possess an increased negative electric charge.
The cytotoxicity of all the compounds was studied by evaluating the effects produced on cell morphology and viability. None of them showed any cytotoxic effect at a concentration of 1 mg/mL. The effect of the polymeric carbohydrates on RV antigen synthesis, assessed by indirect immunofluorescence assay, is summarized in Table I . In these experiments, Vero cell monolayers were incubated with the compounds during the adsorption step (1 h at 4°C) or during adsorption and the entire cycle of viral replication (48 h, 37°C). The adsorption step was performed for 1 h at 4°C to prevent penetration of the virus into the cells and to allow synchronization of subsequent steps in penetration. Among the drugs tested, scleroglucan, glyloid sulphate 4324 and dextran sulphate had a strong inhibitory effect on RV antigen synthesis. Their antiviral activity was exerted particularly during the first phases of infection, even though a slight increase in the inhibition was obtained when scleroglucan and glyloid sulphate 4324 were present for the whole viral replication cycle. With regard to the other drugs, the two sulphate derivatives of glycogen (GP4427 and GP4435) and alginic acid caused a slight inhibition of virus multiplication (15-20%) while all the other compounds had no inhibitory activity.
The three most active compounds, glyloid sulphate 4324, scleroglucan and dextran sulphate, were assessed during the complete cycle of infection at decreasing concentrations. Figure 1 shows the dose-dependent effect of the three compounds on RV infection. A 50% inhibition was achieved at concentrations of 26.5 mg/L, 16.5 mg/L and 0.29 mg/L for glyloid sulphate 4324, scleroglucan and dextran sulphate, respectively. In order to determine the selectivity indices of the polymers, 50% drug cytotoxicity (CC 50 ) and the minimal concentration required to inhibit viral infection by 50% when present during the entire cycle of multiplication (MIC 50 ) were evaluated. The data obtained, reported in Table II , showed high SIs for all three compounds.
Effects of polysaccharides on RV multiplication
To verify the step of RV multiplication affected by glyloid sulphate 4324, scleroglucan and dextran sulphate, the substances were added to or removed from cell monolayers at different stages of RV infection. In these experiments RV replication was evaluated both by immunofluorescence assay and by measuring virus yield in the supernatant using plaque assay; similar results were obtained with these two methods. The effects of the polysaccharides on different stages of RV replication, as evaluated by plaque assay, are shown in Table III . Preincubation of cells with the compounds before RV adsorption did not affect virus replication, demonstrating that the antiviral effect of the polysaccharides is not exerted on cell membrane receptors for the virus. The presence of polysaccharides during the attachment of virus particles to cell membranes caused a reduction of virus replication. However, the activity exerted by the compounds on the adsorption step was not the main factor responsible for the inhibition observed when the drugs were present during the whole RV replication cycle. On the contrary, the polysaccharides exerted maximal effects if present during replication, once virus particles had adsorbed to cell membrane receptors in the absence of the compounds. These results suggest that polysaccharides block a step in virus replication subsequent to virus attachment, such as internalization and/or uncoating. We recently demonstrated that, after binding to cell membrane receptor, RV is internalized into cells for 7 h, and releases genome into the cytoplasm through an aciddependent fusion that occurs in the endosomes. 15 For this reason we studied the effect of the compounds after viral adsorption, during the 7 h internalization step or during the remaining time of virus multiplication. The results obtained indicate that the polysaccharides exert their inhibitory activity during the entry step of RV into Vero cells, whereas the presence of the drugs between 7 and 48 h post-infection does not inhibit RV replication. Therefore, the compounds act on virus entry rather than on virus attachment to cell membrane receptors.
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Effects of polysaccharides on RV replication after viral RNA transfection
To confirm further the effect of the compounds on the early steps of RV replication, a different experimental approach was followed. Since viral attachment and entry into host cells are considered to be the targets of the drugs, these events were circumvented by transfecting cells with extracted viral RNA. Experiments were performed treating cells with the compounds for either 1 h or 48 h post-transfection, in order to reproduce the same conditions found in normal infection experiments. The results in Table IV demonstrate that once the viral genome enters the host cell none of the active compounds is able to inhibit RV multiplication, even if present for the whole cycle of virus replication.
Discussion
Polysaccharides are a complex group of biological molecules 16 known to affect the growth of animal viruses. 17 As a general rule, the antiviral activity is exerted by carbohydrate polymers with a negative electric charge, which is usually provided by sulphate groups. In this study we demonstrated that scleroglucan, a neutral polysaccharide, could inhibit the replication of RV. The relatively simple carbohydrate backbone of the compound (a polymer of glucose) suggests that the antiviral effect of scleroglucan may reside in the higher structure of the molecule, specifically in the -1,3-interchain linkage and/or to the -1,6-side-chain branching. Alternatively, the activity of polysaccharides is not exclusively related to their carbo- hydrate backbone. We have shown in this study that polymers that are inactive against virus, such as glyloid and glycogen, become active when sulphate groups are present in the molecule. The activity of the negatively charged compounds appears directly related to the degree of sulphation, which determines the density of the negative electric charge. Thus, the effectiveness of polymers appears to be dependent on the shape of the macromolecule and/or on the electric charge, whereas saccharide components play a minor role. The mechanism of action of sulphated polysaccharides has been proposed to be at the level of virus adsorption. However, it has been demonstrated that carrageenans inhibited African swine fever virus when added after the adsorption step, 7 and that fucoidan, dextrin sulphate and dextran sulphate inhibited HIV infection independently of any action they may have on virus binding to cell membrane receptors. 9 We have demonstrated that glyloid sulphate 4324, scleroglucan and dextran sulphate markedly inhibit the first steps of RV replication after the binding of virus to cell membrane receptors, sharing a common mechanism of action. The total lack of effect of the polymers on RV replication once infection is initiated (by transfecting RV RNA into the cell) indicates that a very early stage of RV replication, before the expression of viral genome, is affected by these drugs. Therefore, the post-adsorption effect shown by polysaccharides could be exerted on the internalization of virus into cells or on the uncoating step. The binding of compounds to cell membrane-adsorbed virions could impede virus entry. On the other hand, viral particles and the polysaccharides could be co-internalized in endosomes, with a consequent inhibition of virus release from the vesicles. This latter mechanism has been proposed to explain the observation that carrageenan had no effect on herpes simplex virus attachment or virus entry. 18 However, the high molecular weight of scleroglucan, dextran sulphate and glyloid sulphate 4324 (ranging from 5 10 5 to 1. 5 10 6 ) means it is unlikely that these compounds can penetrate host cells.
The high selectivity indices of glyloid sulphate 4324, scleroglucan and dextran sulphate indicate high specificities and potencies of these compounds against RV multiplication, confirming a broad antiviral effect of sulphated polysaccharides. Recent studies have demonstrated that scleroglucan inhibits the replication of rabies 19 and herpes simplex 20 viruses. In addition, it is well documented that this substance has significant immunostimulatory, antineoplastic and antimicrobial activity in mice, but without side-effects. 21 These data suggest that scleroglucan may be of significant value as an antiviral agent and warrant further investigation.
